Abstract: This study investigates the effect of the seeding rate of two hybrid cultivars of maize harvested for silage on selected, i.e.: physical parameters (stem length, stem diameter, total plant weight and weight of ears with husks), fresh weight yield and ear yield of maize plants. A field experiment was carried out in 2011-2013 on soil of weak rye complex (cv. Kosmo) and a good rye complex (cv. Kixxo). The results were processed by one-way analysis of variance, correlation analysis and regression analysis. The analyses revealed that at constant inter-row spacing of 0.75 m, seeding rate (6.5 to 11.9 seeds•m -2 for cv. Kosmo and 8 to 12•m -2 for cv. Kixxo) significantly (α=0.05) influenced the evaluated parameters. Higher plant density lowered the weight of plants and ears and resulted in lower stem diameter. Plants grown in treatments with lower seeding rates were larger and heavier. In cv. Kosmo, the highest total yield and ear yield were noted at the seeding rate of 11•m -2 . Maize plants cv. Kixxo sown at the rate of 12•m -2 were characterized by the highest fresh weight yield and the highest yield of ears with husks. A set of equations were developed to analyze the correlations between seeding rate and the physical parameters of maize plants and between seeding rate vs. green fodder yield and ear yield.
Introduction
Maize (Zea mays L.) is the highest-yielding cereal and one of the most widely cultivated cereal species in the world next to wheat and rice [1] [2] [3] . In 2013-2014, global maize yield topped 900 million tons per year. The popularity of maize has also been growing steadily in Poland in recent years. Maize is grown for forage (whole plant silage and corn cob mix, CCM), food and energy generation [4] . According to the Central istical Office [5] , the area under maize more than doubled in Poland in the last 10-12 years, from 550,000 ha to more than 1 million ha in 2012-2013 and more than 1.2 million ha in 2014. In 2014, maize grown for grain occupied an estimated area of 680,000 ha, marking an increase of more than 350,000 ha (approx. 100%) from 2010 and more than 500,000 ha (almost 360%) from 2000. In 2012-2014, the area under maize grown for silage exceeded 500,000 ha, and it increased by more than 150,000 ha (approx. 35%) from 2010 and by 350,000 ha (approx. 300%) from 2000 [6, 7] . In many farms, the increase in maize acreage leads to monoculture, even long-term, but according to Michalski [8] , area under corn production can be realistically increased to 1.5-2.0 million ha.
Maize is one of the highest-yielding and most versatile cereals [9] . In Poland, it is usually grown on soils of very good and good rye complex. In the last three years, average grain yields exceeded 70 dt·ha -1 [5] . The recommended plant density is 8 plants per square meter when maize is grown for grain, and 10 plants per square meter when maize is grown for silage. Seed sowing technology is one of the most important determinants of maize yield. Timely planting, uniform sowing (in horizontal and vertical orientation in the field), adequate soil preparation, fertilization and plant treatments contribute to plant growth and increase yield [10] [11] [12] . Maize seeds are usually sown with single-seed drills for optimal plant density and uniform distribution of seeds in rows, to ensure that all plants get an even amount of space [10, [13] [14] [15] .
Plant distribution and plant density per unit area influence yield, as well as the morphological characteristics of crops [13, [16] [17] [18] [19] . The morphological traits of plants affect their resistance to bending and cutting, and -indirectly -the amount of energy required to harvest and process crops. A sound knowledge of plant morphology is required for designing agricultural machinery and programming the operating parameters of farm machines [20] . The effect of vertical and horizontal seed distribution, plant density, nitrogen fertilization, precipitation and plant vigor on yield and yield components has been widely discussed in the literature [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . However, the influence of the above factors on mutual relationships between the physical parameters of crop plants, including maize, remains insufficiently researched.
The aim of this study was to determine the effect of seeding rate (plant density) on selected physical parameters (stem length, stem diameter, plant weight, weight of ears with husks), total yield and ear yield of maize harvested for silage. Relationships (regression equations) between seeding rate (plant density) and the morphological traits of maize plants were also analyzed because they can be used to design assemblies and subassemblies of machines for harvesting and post-harvest processing of maize, and to optimize the operating parameters of farm machinery.
Materials and Methods
A field experiment was carried out in 2011-2013 on soils of good and weak rye complex, quality classes IVb and V. Soil was moderately abundant in nutrients (available phosphorus, potassium and magnesium), and it had a near-neutral pH. Two maize cultivars, recommended for silage production in the climate of central and central-northern Poland, were examined: Kosmo 230 (FAO 240) and RGT Kixxo (FAO 210-230). Maize cv. Kosmo was cultivated on a farm in Marszewnica (53°15' N, 19°49' E), Lidzbark Welski municipality, Działdowo county, Region of Warmia and Mazury, on soil of quality class V. Maize cv. RGT Kixxo was grown on a farm in Perzanowo (52°88' N, 21°25' E), Czerwonka municipality, Maków Mazowiecki county, Region of Mazowsze, on soil of quality class IVb.
Maize was sown in the second half of April with inter-row spacing of 0.75 m and the following seeding rates: cv. Kosmo -6.5, 8.3, 9.5, 10.7 and 11.9 m -2 , cv. Kixxo -8, 9, 10, 11 and 12 m -2 . Seeding depth was 6 cm and seeding speed was 2.25 m·s -1 . Manure was applied at 25 t•ha -1 in August of the year preceding the experiment. Mineral fertilizers were applied at the following rates: N -80 kg•ha -1 (pre-sowing) and 15 kg•ha -1 of urea dissolved in water with 5 dm 3 of Wuxal Top P phosphate fertilizer (6-7 leaves unfolded, BBCH 16), P -115 and K -120 kg•ha -1 (pre-sowing). After sowing, weeds were controlled with two herbicides: Zeagran 340 SE at 1 dm 3 ·ha -1 and Milagro Extra 6 OD at 0.75·dm 3 ·ha -1 . Maize was harvested for silage at the dough stage (BBCH 85) in the second half of September. The plants were analyzed to determine their structural and morphometric parameters, fresh weight yield and yield of ears with husks.
Selected physical parameters of maize plants (stem length, stem diameter, total plant weight and ear weight) were measured immediately before harvest. Stem diameter was measured in 10-m-long sections, with a digital caliper to the nearest 1 mm, at three heights -50, 100 and 150 cm above ground, in two mutually perpendicular planes. If nodes were detected at the examined height, measurements were performed directly above the node at a distance of around 3 cm. Stem length was measured to the nearest 1 cm between the ground and inflorescence.
The results of measurements and calculations were processed statistically in the Statistica v. 12.5 program with the use of descriptive statistical methods, nonparametric tests, correlation analysis and multiple regression analysis [32, 33] . The Kruskal-Wallis test was performed to determine significant differences between the analyzed parameters when empirical data were not normally distributed. This test is conducted when the analyzed trait does not have normal distribution and does not meet the assumption of homogeneity of variance. To derive a regression equation characterized by the best fit between the empirical data and the model, curvilinear quintic equations, multivariate equations, quadratic polynomial equations involving multiple variables and exponential equations were tested, followed by regression analysis with backward elimination and stepwise selection. The influence of seeding rate on selected physical parameters of maize plants was determined in an analysis of variance based on the following statistical hypotheses:
Null hypothesis H0 stating that the mean values of selected physical parameters of maize plants are equal at the five examined seeding rates. The alternative hypothesis H1 postulated that selected physical parameters of maize plants are not equal at the examined values of the independent variable. All calculations were performed at a significance level of 0.05.
Results
Selected physical parameters of maize plants (stem length, stem diameter, total plant weight, weight of ears with husks) at the analyzed seeding rates are presented in Tables 1 and 2 . A comparison of mean and median values points to small differences which did not exceed 3% for cv. Kosmo and 4% for cv. Kixxo. In cv. Kosmo, stem length was the least varied parameter (approx. 5-9%). The average variation in stem diameter, described by the coefficient of variation, at the height of 50, 100 and 150 cm above ground, was determined at 15.4%, 18.8% and 22.2%, respectively. Plant weight was the most varied attribute with an average coefficient of variation of 33.2%. Slightly lower variation (29.3%) was noted in the weight of ears with husks. In cv. Kixxo, the coefficient of variation for stem length was similar at approximately 7-9%. Stem diameter, measured 50, 100 and 150 cm above ground, was determined at 11.5%, 12.4% and 15%, respectively, and it was significantly less varied than in cv. Kosmo. The variations in total plant weight and ear weight in the evaluated maize cultivars were similar at 26.7% and 31.7%, respectively. The influence of seeding rate on selected physical parameters of maize plants was determined in an analysis of variance based on the following statistical hypotheses: Null hypothesis H0 stating that mean values of selected physical parameters of maize plants are equal at the five examined seeding rates. The alternative hypothesis H1 postulated that selected physical parameters of maize plants are not equal at the examined values of the independent variable.
The results of the analysis of variance for stem length, stem diameter, total plant weight and ear weight are presented in Table 3 . In all cases, maize plants sown at various seeding rates differed in their physical parameters (Table 3 ). In view of the above, hypothesis H0 postulating that mean values of selected physical parameters of maize plants are equal at five seeding rates was rejected, and the alternative hypothesis H1 was adopted. A linear correlation analysis of the physical parameters of maize plants cv. Kosmo (Table 4 ) revealed that plant density was most highly correlated with ear weight (with husks) at -0.45. Plant weight and stem diameter at 50 cm above ground were also negatively correlated with seeding rate at -0.21 and -0.18, respectively. Seeding rate did not exert a significant influence on stem diameter at the height of 100 cm 150 cm above ground, and the relevant correlation coefficients were determined at -0.03 and -0.08, respectively. The only physical attribute that was positively correlated with plant density was stem length (0.28). Relatively high correlation coefficients (above 0.5) were noted between stem diameters measured 50, 100 and 150 cm above ground, and between total plant weight and ear weight (0.84). In maize cv. Kixxo, seeding rate was most highly correlated with stem diameter measured 50, 100 and 150 cm above ground at -0.24, -0.32 and -0.26, respectively. Seeding rate had a smaller, but statistically significant influence on ear weight and total plant weight, and the relevant correlation coefficients were determined at -0.15 and -0.14, respectively. In maize cv. Kixxo, stem length was the only physical attribute that was not correlated with seeding rate (-0.03). Similarly to the first cultivar, high correlation coefficients (above 0.77) were noted between stem diameters measured 50, 100 and 150 cm above ground, and between total plant weight and ear weight (0.9). The equations describing the effect of seeding rate on the physical parameters of maize plants are presented in Figures 1 and 2 . In maize cv. Kosmo, the highest value of the multiple correlation coefficient was noted for ear weight and total plant weight at 0.94 and 0.81, respectively, and the lowest -for stem diameter measured at the height of 50, 100 and 150 cm above ground at approximately 0.63. The equations were plotted to reveal that the seeding rate of 10·m -2 produced plants with the longest stems (232.1 cm), and seeding rates of 8.5 to 8.8·m -2 were responsible for stems with the largest diameters whose values differed subject to height above ground (50, 100 and 150 cm) and were determined at approximately 21, 16 and 12 mm, respectively. Similarly to the first cultivar, the highest value of the multiple correlation coefficient (0.95) in maize cv. Kixxo was observed for ear weight and total plant weight. The lowest value of the correlation coefficient (0.77) was noted for stem diameters at the height of 50 cm and 150 cm above ground. The equations were plotted to reveal that the seeding rate of 11·m -2 produced plants with the longest stems (286.1 cm), and that seeding rates of 8.0 do 9.1·m -2 were responsible for the thickest stems. Stem diameters varied subject to height above ground (50, 10 and 150 cm) and were determined at 19, 16 and 11 mm, respectively. The noted results were similar in both maize cultivars, which points to their similar response to seeding rates. Total yield and ear yield (with husks) at different seeding rates are presented in Figures 3 and 4 . In maize cv. Kosmo, the highest green fodder (fresh weight) yield (combined ear and stem yield) of more than 54 t•ha -1 was noted at the seeding rate of 11.1 seeds•m -2 , and the lowest yield of 37 t•ha -1 was determined at the lowest seeding rate of 6.5•m -2 . Similar trends were observed in ear yield, and the highest ear yield of approximately 23 t•ha -1 was determined at the seeding rate of 11.1•m -2 . In maize cv. Kixxo, the highest total yield was lower at less than 52 t•ha -1 at the seeding rate of 12•m -2 , whereas the lowest yield of 38.5 t•ha -1 was noted at the lowest seeding rate of 8•m -2 , similarly to cv. Kosmo. In Kixxo, ear yield was lower than in Kosmo, ranging from 16.4 to 20.8 t•ha -1 . The highest yield of ears with husks was observed at the highest seeding rate of 12•m -2 . 
Discussion
In maize, plant density per unit area is a major yield-forming factor next to weather, fertilization rate, crop rotation sequence, physical and chemical properties of soil, and seeding date [30, 35] . High plant density in a stand increases intraspecific competition for light, water and nutrients, which influences plant habit (stem length, stem diameter, leaf area, ear dimensions and ear weight) and the percentage of ear yield in total yield [13, [36] [37] [38] [39] [40] . In the present study, the stems of maize cv. Kosmo were significantly (α = 0.05) longer when seeding rate was increased from 6.5 to 11.9•m -2 . In plants sown at the rate of 9.5 and 10.7•m -2 , stem length increased by 10-13% relative to stands with plant density of 6.5 and 8.3•m -2 , and mean stem length increased from 213 to 240 cm. In maize cv. Kixxo, changes in seeding rate also significantly influenced stem length, but the resulting difference was smaller, and it did not exceed 8%. An increase in seeding rate decreased stem diameter at the height of 50, 100 and 150 cm above ground. In maize cv. Kosmo, higher plant density reduced stem diameter by approximately 11-22.5%, 14-23% and 13-21.8% at the height of 50, 100 and 150 cm above ground, respectively. In cv. Kixxo, changes in seeding rate led to a less pronounced differences in stem diameter which were determined at 3.4% to 8.9%, 6% to more than 13%, and approximately 8% to 12% at the above heights, respectively.
An increase in plant density significantly reduced the weight of ears with husks. At higher seeding rate, ear weight decreased by 9-30% in maize cv. Kosmo and by 9-16% in cv. Kixxo. Similar results were reported by Machul [41] , Tetio-Kagho and Gardner [42] , and Begna, Hamilton, Dwyer, Stewart, & Smith [43] who found that increased seeding rates led to a decrease in the weight, length and diameter of ears as well as in the weight and number of kernels per ear in maize grown for grain.
When maize is grown for silage, silage quality is determined mainly by dry matter content (30-35%) and the percentage of ear yield in total yield (40-50%) [35, 44] . In our study, the percentage of ear yield in total yield in maize cv. Kosmo ranged from 44.8% to 47.5%, which indicates that the harvested green forage was suitable for the production of high quality silage. A certain exception was noted at the seeding rate of 10.7•m -2 , where the percentage of ear yield in total yield was only 40.6%, but total ear yield was high at 23.3 t•ha -1 . A higher ear yield (23.8 t•ha -1 ) was noted only at the seeding rate of 9.5•m -2 . At the remaining seeding rates, ear yield was significantly lower, and it did not exceed 19 t•ha -1 at the two lowest seeding rates of 6.5 and 8.3•m -2 . In maize cv. Kixxo, the percentage of ear yield in total yield was somewhat lower in the range of 39.4% to 42.6%. Ear yield was also lower at 16.4 to 20.8 t•ha -1 , and the highest ear yield was observed at the seeding rate of 11-12•m -2 . According to Sulewska [45] , the percentage of ear yield in total yield decreases when the density of maize plants exceeds 10•m -2 . This observation is only partially consistent with our findings since in maize cv. Kixxo and cv. Kosmo, the percentage of ear yield in total yield decreased by only approximately 2% and 4%, respectively.
In maize grown for whole-plant silage, plant density usually ranges from 12 to 16•m -2 [46, 47] . In our study, the above seeding rate proved to be optimal for maize cv. Kixxo. The highest fresh weight yield was noted at the highest seeding rate of 12•m -2 , but the curve had a rising tendency without extreme values of a function (Fig. 4) , which suggests that fresh weight yield would increase with a further increase in seeding rate. Similar results were noted for ear yield which peaked at nearly 21 t•ha -1 at the highest seeding rate of 12•m -2 . The curve had a smaller slope, which confirms the observation made by Sulewska [47] that an increase in seeding rate decreases the percentage of ear yield in green fodder yield and, consequently, lowers silage quality. Our results are also consistent with the findings of Gonet and Siuta [48] who demonstrated that excessive plant density deteriorates the quality of maize silage due to the increased fiber content of green fodder which adversely affects silage digestibility.
Conclusions
It can be concluded that the equations derived in the study, which describe the correlations between seeding rate and the physical parameters of maize plants and between seeding rate and the yields of green fodder and ears, could be used to design working units of agricultural machines and to optimize the operating parameters of assemblies and subassemblies of machines for harvesting and post-harvest processing of maize.
Another important conclusion is that the seeding rate (plant density) of maize harvested for silage, in the range of 6.5 to 12 m -2 , has a significant influence on stem length, stem diameter, plant weight, ear weight, total green fodder yield and ear yield.
The results of this study indicate that: 1. Seeding rates of approximately 10·m -2 and 8.5 -8.8·m -2 produce maize plants with the longest stems and the largest diameters, respectively. 2. The highest average weight of a plant (stem + leaves + ear) and an ear with husks can be obtained at seeding rates of 8.5 and 6.5 m -2 , respectively (cv. Kosmo). 3. In terms of total yield, ear yield and the percentage of ear yield in total green fodder yield, the optimum seeding rate of maize is 11 -12·m -2 .
